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INFRARED  REFLECTANCES  OF  METALS  AT  CRYOGENIC 
TEMPERATURES --A  COMPILATION  FROM  THE  LITERATURE 

P.   F.   Dickson  and  M.   C.  Jones 


Spectral  and  total  reflectances  for  metals  at  cryogenic 
temperatures  in  the  infrared  wavelength  region  are  compiled 
from  the  literature.     Information  concerning  sample  prepara- 
tion and  purity,   radiation  source,   and  methods  of  reflectance 
measurement  are  also  presented.     Observations  regarding  the 
effects  on  reflectance  of  temperature,   oxide  layer,   wavelength, 
and  sample  preparation  are  given  . 

Key  Words:    Compilation,   cryogenic,  infrared,  metals, 
reflectance. 


1.     Introduction 

Calculation  of  radiative  heat  transfer  at  cryogenic  temperatures 
requires  a  knowledge  of  thermal  radiative  properties  of  materials  at 
these  temperatures.     From  the  nature  of  thermal  radiative  processes  at 
low  temperatures  it  is  evident  that  one  needs  data  in  the  infrared,   and  in 
particular  in  the  far  infrared.     This  can  be  seen  from  Wien's  displace- 
ment law  for  a  black  body  (X  T  =  2898  p,°K).     The  wavelength  of 

XXX  cuC 

maximum  emitted  radiative  energy  shifts  from  \  s  9.  8  p,  at  room  tem- 
perature (T  s  2959K)  to  X  ^  725  p,  at  4°K.     This  survey  comprises  infor- 
mation,  summarized  here  in  graphical  and  tabular  form,   currently 
available  in  the  infrared  wavelength  region  (through  mid- 1966)  on  ther- 
mal radiative  properties  of  metals,  in  particular,   reflectances,   at 
cryogenic  temperatures. 

The  survey  was  undertaken  as  a  preliminary  to  an  experimental 
program.     As  will  be  evident,  very  little  work  has  been  done  in  the  far 


infrared,  the  only  reported  measurements  beyond  14  p,  being  those  of 
Aronson,  et  al.    [  1964]  on  stainless  steel,   an  aluminum  alloy,  a  mag- 
nesium alloy,   and  chromium.     The  ±5%  error  quoted  by  these  authors 
serves  to  underline  the  difficulty  of  making  reflectance  measurements  on 
highly  reflecting  materials  in  the  far  infrared  by  conventional   spectro- 
photometric  techniques. 

Theoretical  considerations  and  experimental  techniques  in  deter- 
mining optical  constants  of  metals  were  reviewed  by  Givens  [  1958]  and 
Ehrenreich  [  1965] ,   and  a  review  of  the  subject  at  low  temperatures  was 
given  by  Corruccini  [  1962] .     Previous  surveys  on  total  emissivity  data 
at  low  temperature  have  been  given  by  Fulk  and  Reynolds  [  1957a]  and 
Corruccini  [ 1957]. 

Since  the  surveys  of  Fulk  and  Corruccini  were  published  (con- 
taining no  spectral  data  at  low  temperatures)  several  spectral  studies 
have  appeared  in  the  literature.     Along  with  this  aspect  there  has  also 
been  an  apparent  realization  by  the  same  workers  that  the  older  data  in 
the  literature  are  of  little  more  than  qualitative  interest  due  to  their 
ir reproducibility;  the  reflectance  of  a  metallic  surface  depends  strongly 
on  the  method  by  which  it  was  prepared.     Much  effort  has  gone  into  pro- 
ducing surfaces  of  high  purity  with  no  work-hardened  surface  layer 
present.     This  has  culminated  in  the  highly  reproducible  pure  metallic 
surfaces  produced  by  ultra -high -vacuum  vapor  deposition  (~  10         mmHg) 
by  Bennett  at  the  Michelson  Laboratory.     The  room  temperature  reflec- 
tances of  these  surfaces  are  higher  than  what  had  previously  been 
achieved.     They  are  discussed  and  used  below  as  a  comparison  with  the 
work  of  other  authors  to  illustrate  the  effects  of  both  temperature  and 
surface  preparation.     Such  was  the  improvement  in  room  temperature 
reflectances  obtained  by  the  use  of  ultra -high- vacuum  vapor  deposition 
that  one  can  only  regret,    as  yet,  no  similar  measurements  have  been 


reported  at  low  temperature  and  longer  wavelength  where  even  higher 
reflectances  are  to  be  expected.     Rate  of  deposition  also  has  an  effect 
on  reflectance  as  indicated  by  Bennett,   Silver,    and  Ashley  [  1963],   with 
greater  reflectance  values  obtained  for  increased  deposition  rates. 

In  view  of  this  later  work  it  has  seemed  desirable  to  present  the 
results  of  this  compilation  in  two  sections.     Section  2  consists  of  all 
spectral  data  reported  and  contains  only  one  work  published  before  1959. 
Section  3  contains  total  reflectance  data  and  is  mostly  older  data,    some 
of  which  were  reviewed  previously  by  Fulk  and  by  Corruccini.     However, 
original  references  are  given  where  known.     The  word  "total,  "  as  here 
applied  to  reflectance,   means  the  value  obtained  by  integration  over  all 
wavelengths.     It  should  be  remembered  that  this  value  is  dependent  on 
the  wavelength  distribution  of  incident  flux. 

The  total  or  spectral  reflectance  (p    or  p   )  of  a  surface  may  be 

t  A. 

obtained  by  a  number  of  direct  experimental  techniques.     It  may  also  be 

obtained  indirectly  for  an  opaque  surface  from  a  measurement  of  the 

absorptance  {a    or  a),  for  then  p  =  1  -  a.     A  second  indirect  method  is 
t  A. 

to  calculate  the  normal  reflectance  (p^      )  from  measurements  of  the 

A.,  0 

refractive  index  n    and  the  absorption  coefficient  k    by  use  of  the  Fresnel 

A.  A 

formula 


P 


K  - 1>2  +  kx2 

\0      ,  ,,2,2 

(„x+l)     +kx 


Measurements  of  the  total  or  spectral  emittance  (e    or  e   )  have  also 

t  A 

been  used  in  the  past  by  invoking  Kirchoff's  law:     a,  =  e    and  or.   =  e.    . 

t  t  A  A 

Recently,   however,    a  theoretical  question  has  arisen  as  to  the  general 

applicability  of  Kirchoff's  law  [  Ashby  and  Schocken,    1964] ,   and  this 


seems  to  be  particularly  important  at  long  wavelengths  and  low  tempera- 
tures. 

In  the  tables  and  graphs  which  follow,  reflectances  are  reported 
as  such  when  they  are  either  from  direct  measurements  or  derived  from 
measurements  of  ex  or  n  and  k;  reflectances  are  not  derived  from  emit- 
tance  measurements.     Reflectances  are  normal  (p   )  unless  otherwise 
stated.     It  may  be  noted  that  in  the  limit  of  zero  absorptance  the  ratio  of 
hemispherical  to  normal  absorptance  approaches  the  value  4/3  for  metals 
[Jakob,    1949]. 

The  methods  by  which  data  were  obtained  are  indicated  in  the 
tables  below  by  the  following  general  classification: 

Method  1.         Direct  measurement  of  normal  reflectance  by 
multiple  reflection  techniques. 

Method  2.         Direct  measurement  of  normal  reflectance  or 
absorptance  by  calorimetric  techniques. 

Method  3.         Calculation,  by  either  the  original  authors  or 

the  present  authors,  of  normal  reflectance  from 
optical  constants  n  and  k  determined  by: 

(a)  measurements  of  absorptance  at  oblique 
incidence  for  two  polarization  components  (per- 
pendicular and  parallel  to  the  plane  of  incidence) 
by  a  calorimetric  technique,    or 

(b)  measurement  of  the  phase  shift  and  relative 
magnitudes  of  the  perpendicular  and  parallel 
components  of  a  reflected  beam  at  oblique  incidence. 

Method  4.         Measurement  of  absorptance  or  emittance  by  rate 
of  boil-off  of  a  cryogenic  liquid.     This  method 
gives  total  hemispherical  values. 


Method  5.         Direct  measurement  of  normal  emittance  by- 
comparison  of  emitted  radiation  with  that  emitted 
by  a  black  body  at  the  same  temperature. 

These  general  experimental  techniques  are  referred  to  in  the 
tables,  and  any  variations,  when  applicable,   are  noted. 

Information  as  to  type  of  radiation  source  (e.  g.  ,   monochromatic, 
wavelength  band,  total  radiation  from  a  source  at  a  given  temperature) 
accompanies  the  data.     Techniques  of  surface  preparation  are  also  given. 

The  temperature  region  of  primary  interest  was  that  below  100° K; 
therefore,   only  those  metals  for  which  data  were  available  in  this  region 
are  presented.     However,  for  comparison  and  completeness,    selected 
data  on  these  materials  at  room  temperature  are  also  given  if  available. 

Theory  predicts  that  the  reflectance  of  a  metal  in  the  infrared 
region  will  increase  with  decreasing  temperature  and  increasing  wave- 
length.    Also,    surface  preparation  is  known  to  have  a  significant  effect 
on  reflectance  values  obtained.     Results  of  this  survey  indicate  that 
reflectance  increases  for  preparation  techniques  in  the  following  order: 
mechanical  polishing,   high  vacuum  vapor  deposition,   electropolishing, 
and  ultra-high -vacuum  deposition.     Oxidation  or  impurities  on  the  sur- 
face layer  generally  decrease  reflectance,   but  the  effect  seems  much 
smaller  for  oxidation  than  previoasly  believed.     Alloys  have  lower 
reflectances  than  pure  metals.     Although  data  available  on  any  metal 
listed  are  not  complete  enough  for  a  quantitative  check,   reflectances 
given  tend  to  follow  the  aforementioned  expectations. 


2.     Spectral  Reflectance 

Of  particular  current  interest  are  data  on  reflectance  as  a  func- 
tion of  wavelength  (spectral  reflectance,    p,).     Effects  on  reflectance  of 
surface  preparation,   temperature,   and  alloy  composition  may  also  be 
observed  in  the  graphs  and  tables  which  follow.     Results  show  that,  to 
obtain  reproducible  results,   care  must  be  taken  to  define  surface  pre- 
paration as  well  as  other  experimental  techniques. 

2 .  1    Aluminum 

Variation  of  normal  spectral  reflectance  (p^       )  with  temperature, 

A,  0 

deposition  vacuum,   and  wavelength  is  well  illustrated  for  aluminum  in 
figure  2.  1.     As  is  seen,    reflectance  of  ultra-high  vacuum  (~10  mm  Hg) 

evaporated  films  [Bennett,    et  al.    1963]  is  significantly  higher  than  those 
values  obtained  using  the  usual  high  vacuum  (~10        mm  Hg)  techniques. 
Room  temperature  reflectances  of  high- vacuum  deposited  films  calcu- 
lated from  the  optical  constants  of  Golovashkin,    et  al.    [I960]  and  meas- 
ured directly  by  Bennet,    et  al.    [1962]  show  excellent  agreement. 

Bennett,   et  al.    [1962]  state  that,    contrary  to  popular  belief,   the 
oxide  layer  formed  on  aluminum  has  almost  no  effect  on  the  infrared 
reflectance.     Calculations  on  oxide  layers  from  10  to  100  A  thick  show 
the  change  in  reflectance  to  be  less  than  0.  1%  for  X  >  1.  5  (i.     A  22  A- 
thick  film  is  reported  formed  after  several  weeks'  exposure. 


ID 


< 

to 
O 

W 
U 

< 
H 
U 
W 

h 

< 
Pi 
H 
U 

w 

Pi 

CO 


W 

cq 
< 


c? 

PI 

fO 

4) 
O 

P! 

•I-l 
DO 

Is 

u 

•rl 

a 

•1-1 
CO 

+j 

i— i 

0) 
M 

(1) 

> 

0 
1—1 

4) 

■3 

r— » 

o 

4) 

4) 

4) 

i— ( 

■M 

T3 

s 

vO 

PI 

> 

^ 

0) 

0 

o 

o 

4) 

r— i 

w 

Pi 

0 

s 

1— 1 

« 

CO 

< 

1      ' 

T3 

0 

2" 

4) 

CO* 

i— < 

2 

u 

o 

♦1-1 

•ri 

*J 

+J 

nJ 

nJ 

s  -, 

S 

a 

O     V 

0 

o 

•H       O 

u 

b 

■5  3 

ji 

J3 

V 

u 

T3     ° 

0 

0 

rcj   CO 

Pi 

PI 

Pi 

o 

0 

% 

2 

4) 

T) 

3 

+-> 

fH 

a 

-(-» 

id 

a 

a 

pi 

^ 

0 

^ 

o^ 
o 

0 

f-l 

u 

pi 

0 

fl 

0s 

0} 

0 

o 

0)     +j 

0 

o 

ft 

4* 

CT^ 

0) 

ft 

a 

0) 

a 

0 

o 

Pi 

Sampl 
Prepara 

-t-> 
•rl 

a 
O 

ft 
4) 

6 

u 

Pi 

4) 

a 

o 
ri 
> 

6B 
PC 

a 
a 

II 

>^ 

u 

pi 
ft 

4) 

d 
s 

'5* 

i— I 
ft 

II 

o 

i—i 
ft 

u 
ri 

0) 

i> 

a 

> 

1 

a 

II 

ctS 

M 

o 

nJ 

H 

OX) 

CO 

d 

f— 1 

CO 

M 

T 

o 

•^1   ■— 1 

<* 

cooorvJinT^cor-oo^o 

IT)    v£) 

CO 

sO    sO 

(M    -^    vO    O    M    ^    ^O 

in 

O   •— i 

o 

a>ci  \o  t-  jm- (■— if— i  n  o 

O    M 

"* 

m  no 

r~-  i>  i>  r^  oo  oo  oo 

O^ 

00    c\] 

vO 

vOr^-r^-r-r^oooooooooo 

o 

CO    00 

00 

00    00 

00    00    00    00    00    00    00 

CM 

00    o 

o 

0s*    O^    O"^    0s    CT^    0s    CT*    O^    CT*1   CT^ 

„ 

O    O 

o 

o  o 

O^    CT^    0s    0s    CT^    CT^    CT^ 

II 

ex 

o  o 

o 

oooooooooo 

O    O 

o 

o  o 

O    O    O    O    O    O    O 

o 

H 

"3 

ro   -^ 

m 

vO     t^- 

00    O    O    •— I    fM    CO    -^ 

Q- 

7< 

0) 

u 
u 

4) 
i— I 
MM 

0 

in  cm 

CO 

"-troo^i— <omo 
ooco-^vOr-r-r- 

00 

1— 1       T^l 

r- 

r-cooooooooooooo 

*>" 

n 

CJs    O 

o 

0s    0s    (7s    CT*    0s    O1^    0s   CT^ 

Pi 

oo  m 
o  o 

m  rg 

h    >    h    r-    M    fl    vO 

o  o 

o 

OOOOOOOO 

m  h  in  ^  vfl  t^  t^ 

H 

*~cb 

fM   rM 

I— 1 

i—i  i—i 

i— I    i— I    O    O^    00    t*-    ^D 

„ 

o  o 

o 

CT^  o^ 

O    O    O    00    00    00    00 

4) 

Pi 

a. 

o  o 
o  o 

o 
o 

o  o 
o  o 

o  o  o  o  o  o  o 

o  o  o  o  o  m  o 

3. 

00    o 

(M 

momooooooo 

^^ 

o  m 

o 

in  o 
■<*  in 

m  o  m  o  m  r-  o 

m  vO  \o  r-  r-  f-  oo 

^T 

o  o 

I— 1 

HNNCi'tin^^coo^ 

3- 

CO    CO 

^f 

o  o 

o 

o  o 

o  o  o  o  o  o  o 

CD 

c 

CD 

u 
CD 

0) 


<d 

0) 

a 

fl 

a 

a 

V 

a> 

PQ 

CQ 

cm 
o 


4) 

i— ( 

to 


T3 
O 

43 


nJ 


u 
Ptj 


ft 

a 

CO 


o 

•I-l 
+J 
ni 
u 
cd 

a) 
Ph 


+-> 

R) 

o 

•  iH 


in 
O 

4) 
T3 


I 

o 


a) 
-t-> 
•i-i 

CO 

O 
ft 

<D 
73 


43 
co 

CD 


43 
to 
CD 


H 

CO 

o 

X 

CD 

U 

CD 

£ 

(3 

•iH 

i— i 

F-i 

T3 

CD 

4) 

> 

M 

fl) 

rt 

co 

II 

T3 

0) 

bfl 

ni 

00 

CD 

o 

In 

o 

3 

• 

+J 

o 

CTi 

o 

^ 

CD 

.  . 

ft 

4-» 

a 

•iH 

0) 

?H 

+-> 

a 

ft 

H 

CD 

o 

i— I 

0 

ft 

pci 

B 

II 

CEi 

CO 

H 

CD 

5 

+■» 

u 

CD 

t— I 

CD 


rMvOfsat^-rgoomcoro 

O    O   O    O    ■— i    H    M    i\j    (O 

cocoooooooo 

OOOOOOOOO 

oooooo'ooo 


^OooOrg-^vOooOcM 

HlHMNNNNCOrO 


OOOOOOOOOOOOOO 

oooooooooo 


tnomoinooooo 

CMLDr-OfMLDOOOO 
COOOOOOOOOCOLDO 

OOOOOOi— I    •— I    i— (r\l 


o 

.. — s. 

t3 

^ 

CD 

CL 

0JJ 

nS 

— 

^-^ 

o 

43 

CO 

<< 

CD 

Q. 

h 

m 

Zi 

r<: 

o 

T3 

r<T 

CD 

bJO 

Q. 

ft) 

' — * 

, , 

o 

43 

•k 

co 

r<: 

CD 

Q. 

u 

<+l 

(VJ-^t^,— i[^f\]vOi-4sOOOOl^r\]^—<'^  r~-o<M 

r~-  oo  o  o  o  «— •  ■— iNNMco^inin^^or-r- 

[^Nt^OOCOOOCOOOOOOOOOOOOOOOOOOO  O000CO 

OO^O^O^OO^OOvtJ^C^OOOOOO  ooo 

oooooooooooooooo  ooo 

NfOH^Hifl^^r-HcofocofOhO  ro^ooo 

■— 'cMmmTf-^'^LninsOsot^-r^-ooooo  ooo 

oooocococooooococooooocooooooooo  000000 

OOOOOOOOOOOOOOOO  OOO 

oooooooooooooooo  ooo 


3. 
7< 


if>  ^o  r~-  oo  o  o  i— i 


(MrO^vOcOOfM^vO     CO    O    N 
HHHHHfMNNN      N     CO    CO 


o»-<vOvDi— •oo^^^o^o-rf^LTioo  o  ^  co 

^Nt^co^or-o^iDOfooroiONcxiin  o  c*>  m 

ooooor-^oir>ininr^coOi-<mir)^D  vot~-i> 

oooooooooooooooooocoooooo  ooo 

oooooooooooooooo*  ooo 

'^<0000'-<00'<^OfMOOfMc\JO^OvO  cX)    ifl    cfl 

o^ooo^r-o^OMinNr-o^or-  i— i  vo  o 

oocj^or^-^^OLDsOt^oOi— i  ci  i/i  vo  r^  r^  r— 

ooooooooooooooooooooooooo  ooo 

oooooooooooooooo  ooo 

ooooomoinomounoooo  ooo 

moinomr^OrMunr^OfMLnooo  ooo 

mvOvOr-r-r-oocooocooooOfMin  ooo 

OOOOOOOOOOQo'o*'-*'-*i-*  rg'ro*^ 


1.000 


0.980 


0.960 


0.940 


P- 


x.o 


0.920 


0.900 


0.880 


0.860 


Figure  2.  1    Spectral  reflectance  of  aluminum 
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Figure  2.  3    Spectral  reflectance  of  bismuth  and  bismuth-tellurium  alloys 
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O     Bismuth +.  05%  Te    ^T  =  2.5°K      Potapov  ( 1965) 
□     Bismuth  +  .  5   %  Te   ' 
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2.  4    Copper 

Results  of  Roberts  [i960],   Biondi[  1956] ,   and  Ray  ne  [1959]  for 
electropolished  samples  are  seen  to  have  significantly  higher  reflectances 
than  those  of  Padalka  and  Shklyarevskii  [  1962]  for  high-vacuum  deposited 
samples  (fig.    2.4).     Variations  with  temperature  for  a  given  preparation 

o 

technique  follow  expectations.     A  correction  for  an  oxide  layer  of  35- A 
thickness  was  carried  out  by  Padalka  and  Shklyarevskii  [  1962] .     Although 
a  significant  effect  on  refractive  index  and  absorption  coefficient  was 
found,   the  effect  on  reflectance  was  less  than  0.  2%  at  1  p,  and  .  005%  at 
lip.  (present  authors'  calculations).     The  35-Athickness  correction  fol- 

o  o 

lowed  Roberts'  [  I960]   results  which  showed  a  30- A  to  40- A  equilibrium 
oxide  layer  thickness  after  exposure  to  air. 


14 


H 

Ph 
Ph 

o 
u 

h 
O 

W 
U 

< 
H 
O 

w 

W 

< 

H 
U 
H 

CO 


W 


<L) 
U 
PI 
CD 
U 
CD 

<+H 
CD 

Padalka  and 

Shklyarevskii 

[1962] 

Roberts 
[I960] 

. 

0 
CD 

3 
CO 

3" 

en" 

Radiation 
Source 

u 

•lH 

a 

0 

u 
u 

0 

a 

o 

2 

o 
•i-i 

a 

0 

u 
A 

o 

0 

a 

0 

2 

S  ample 
Preparation 

-5 
Vacuum  deposition  at  10 

mm  Hg. 

Sample  impurities  <  10      % 

Electropolished  and  reduced 

-5 
in  vacuum  (2x10        mm  Hg). 

at  500°  K  to  remove  oxide 

film.     Sample  purity  >  99.  999$ 

o 
o 

CD 
i—l 

CD 

o 

CL 

o 

in 

O 
CM 

II 

H 

o 

CM 
CO 

II 

H 

OOOOC>CON^^C>H(f) 

coo^or^-oooooooo 

LOOOCOOOCXDCOOOOOOOOO 
0^    0s    0s    0s    0s    0s    0s    0s    O^    0s    0s 

o 

Q. 

o 

o 
o 
m 

W 

o 

o 

MO^NNKIOOOUIHCO^O 

oom(\j<-<^HO-^*coooOi— i  n 
o-^ooirior^-inr^-cooo   ooo 
mifiLnvOr^-ooooooooo 

■— irOlD(Mi— ivOO"— '    CO    Tf    ^£> 

hClOOOHHHNNNN 

inoooooooooooo 

0s    O^    0s    0s    0s    0s    O^    0s    CT^    O^   0s 

ooooooooooooo 

vOvOcO'His-'-,cor-|ts-,Hf>,^,i' 
HinoifiooH^oococ>os^c> 
inuninvOvooooooooo 

ooooooooooooo 

i-iMm^invOt-oo^OH 

1—1      i— 1 

ooooooooooooo 
mmvooooooooo   ooo 
vOOcooirtt^-OLOLno   ooo 
ro^fTfmmin^DsOt^-o   mom 

OOOOOOOOOi— i    h   n    rg 

15 


o> 

o 

Pi 

(1) 

r— 1 

•w 

I— 1 

^ 

<1) 

o 

Tl 

sO 

4) 

fl 

m 

fl 

m 

V-i 

>* 

o 

O 

o 

0) 

ctf 

i— i 

•lH 

i— 1 

Pi 

Pi 

i— _ i 

cq 

t— ■ 

XI 

0 

43 

4-» 

-— ~ 

d> 

(M 

M 

0) 

2 

d 

^ 

•r-1 
-t-> 

0 

u 

•2  « 

a 

o 
<* 

a 

0 

Pi 

£     0 

Cti        »H 

0) 

o 
u 

o 

r-l 
43 

W 
ft 

ft 

T-l        r-j 

Pi 

r-i 

a 

:i 

00 

u 

0 
0 

O 

ft 

rQ 

i—i 

S 

u 

ft 

o 

w 

u 

z 

< 

H 

O 

w 

0 

•»-< 

t> 

x) 

O 

ft 

i — 1      Cu 

0) 

0) 

o 

ft 

ft    h 

43 

43 

o 

Pi 

0) 
1— 1 

o 

n 

•i-i 
i— t 
0 

< 
Pi 

co    h 
ft 

ft 

0 

ft 

0 

A 

u 

u 

>> 

H 

+■> 

+> 

4-> 

o 

u 

•i-l 

u 

V 

0) 

u 

ft 
ft 

I— 1 

r-H 

Zi 

w 

ft 

ft 

CO 

^ 
rj 

ft 

pq 

< 

0 

O 

o 

V 

"3 

in 

•—I 

A 

<U 

4) 

u 

sD 

in 

H 
u 

<< 
u 

•t-i 

<4H 

o 

o 

-"• 

o 

0) 

U 

<u 

r-H 

o 

ii 
o 

4) 

> 

0) 

m 
o 

4) 

■a 

> 

4) 

CO 

5" 

Pi 

i 

bJO 

•rW 

o 

.a 

o 
IN 

^h 

1-1 

<+H 

II 

+■» 
■f-i 

"* 

ii 

a 

0) 
0) 

CO 

o 

a 

II 

o 

•w 

r-H 

•1-4 
i—l 

H 

16 


1.000 


0.996 


0.992 


0.988 


x,o 


0.984 


0.980 


0.976 


O 
D 


0.972 


T  =     90°K 
T  =  300°K 


Figure  2.4    Spectral  reflectance  of  copper 
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2.  5    Gold 

In  view  of  the  high  reflectance  values  of  gold  obtained  in  the 
infrared  at  room  temperature  by  Bennett  and  Ashley  [  1965]   using  ultra- 
high-vacuum  deposition,   it  would  be  interesting  to  make  these  measure- 
ments at  cryogenic  temperatures  using  the  same  sample  preparation 
technique.     Such  a  result  would  be  extremely  useful  in  view  of  the  poten- 
tial use  of  gold  as  a  standard  of  reflectance  and  in  view  of  the  wide  appli- 
cation of  gold  plating  in  dewar  construction. 
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Figure  2.  5    Spectral  reflectance  of  gold 
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T  -  295°  K   M*°       mm  HS  deposited)    Padalka  and  Shklyarevskii  (1961) 
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2.  6    Lead 

Measurements  of  optical  constants  of  lead  made  by  Golovashkin 
[  1965]  immediately  after  deposition  and  after  several  days  in  vacuum 
gave  identical  results.     No  effect  of  oxidation  on  results  was  found  after 
one  day  in  air;  although,   after  several  days  in  air,   noticeable  changes 
in  optical  constants  (of  unstated  magnitude)  were  observed  by  the  origi- 
nal author. 
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Figure  2.  6    Spectral  reflectance  of  lead 

O     T  =       4°K  ■>> 

A     T=     78°K   iGolovashkin  (1965) 

□     T  =  293°K  J 
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2.  8    Silver 

Ultra-high-vacuum  deposited  silver  is  seen  in  figure  2.  8  to  have 
a  reflectance  significantly  higher  than  that  of  a  film  deposited  using  the 
usual  high-vacuum  techniques.     It  is  noteworthy  that  Biondi's  results  for 
electropolished  samples  at  4.  2°K  show  even  higher  reflectance  than 
ultra -high -vacuum  room  temperature  values.     As  in  the  case  of  gold, 
the  reflectance  at  cryogenic  temperatures  of  ultra-high -vacuum  deposited 
silver  would  be  an  extremely  useful  result. 
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Figure  2.  8    Spectral  reflectance  of  silver 
A    T  =  4.  2°K    Biondi(1956)  D     T  =     82°K  1  Padalka  and 

0    T  =  room  temp    Bennett  and  Ashley  ( 1965)  <>    T  =  29 5° K  J   Shklyarevskii  [  1961 
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2.  9    Sodium 

At  the  time  this  publication  went  to  press,    additional  work  of 
Mayer  and  Hietel  [  1966]   on  the  alkali  metals,   potassium  and  cesium, 
became  available.     Wavelength  range  investigated  was  essentially  that 
here  reported  for  sodium.     For  details,    consult  the  original  reference, 
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Figure  2.9    Spectral  reflectance  of  sodium 
A     T  =     90°K  > 
O     T  =  195°K   I  Hiotel  (1965) 
D     T  =  293°K  J 
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2.  10    Tin 

Optical  constants  of  tin  were  measured  by  Golovashkin  and 
Motulevich  [1965]  immediately  after  vapor  deposition  and  after  one  day 
in  vacuum  with  identical  results.     After  a  48-hour  exposure  to  atmos- 
phere, the  change  in  n  was  2  to  3%  and  k  <  1%.     This  variation  in  optical 
constants  affected  the  reflectance  by  less  than  0.  002%  for  X  >5p,  (present 
authors'  calculation). 
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Figure  2.  10    Spectral  reflectance  of  tin 

A    T  =  4.  2°K    -s 

O    T=     78°K     ^Golovashkin  and  Motulrvich  (1965) 

D    T  =  293°K    J 
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2.  11  Brass 

Results  of  spectral  reflectance  measurements  on  various  electro- 
polished  or-br asses  at  4.  2°K  by  Biondi  and  Rayne  [  1959]  using  Method  2 
are  presented  in  figure  2.  11  compared  with  pure  copper. 
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3.      Total  Reflectance 

Until  recently,    nearly  all  the  reflectance  data  reported  in  the 
literature  were  total  normal  reflectance  (p       )  or  total  hemispherical 
reflectance  (p  ).     For  this  reason,    many  of  the  results  below  have  been 
presented  in  previous  surveys  but  are  given  here  for  completeness. 
Results  of  Betz,    Olson,    Schurin,    and  Morris  [  1958]    are  for  total  normal 
emittance  (e        )  and  are  reported  as  such. 
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